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€> Reinforced calcium alumlnoslllcate olase-ceramlcs. 



essentrally. m weight percent on me oxide basis, of IwKT^^SmSS^ 9'aM-ceramic metal* consisting 

CR^O, 0.25-3% HfOz, 2-5% MoC 0.25-3% ItA oKr^ ,!^ * e Qr0u P C0 "Sist»ng cf 0.1-3% 
AWi is present in an amount which « iwfmote Mntar^ 0.25^% W0i. and Mo* ZrQ,. where* 
Jprasent m stoichiometric triciinic anorthlte "aSliSn ui?S^? " P te 80 n,ote P 6 "*"' of that 

00 composition. P 10 ,5% AS{a ma V advantageously bo included in the 
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REINFORCED CALCIUM ALUMINOSIUCATE QLASS-CBHAMICS 



pseudo-binaries with mullite (aAfeO^sSV Trd^^^ 

SiCfe. and CaO-SiOa. reinforced through ^^6^!^^! r 6Si ^U fl ,f hlenit9 GCaO.AfeC.SiOd. AM*. 
SIC whiskers with fibers seldom The ESTkF2££ ' 8,0 wWskere ' ° r 

glass, and AfcO* In general, the reinforced comSte aS,* IS. BN ' mU,lite ' Spina( " ™con. 
utilized about 10-60% by volume SiC wWsSSTS S ted US9 ^^"res "P to 130O-C and 
imparled a substantia. imZ3*7n m^cTl^l^ VOluma fibers " Th9 * 
to the base glass-ceram**. The enllment oHitrs Cf o^ in 
microcrack yield stress to the original 3£o5S*T5! iS? EE"? 1 mec l' anica ' ««g* and 
ceramics containing both fibers and whisks. eSto^s^^^****** l " tlde8, ie " tf,e O'm* 
properties displayed by the articles. Of pJS^SS^S! ,icant ' fl, P rovem e"ts in the overall mechanical 
yield stress resulting from the combinSon ? JEnfSS vSL?« ^^"^ mbrocn* 
mechanical properties of the glaaswmlea o» a Sh^J^^ .■ The ovara » affe « «P<>n the other 
v not as large as the sum of the two S bu? waaSSefi^^^ * both " bere and »as 

\ The glass-ceramics ctaimed in tha patent Zt T^ITZ^ averas * °' 4,16 two - 

system and consisted esse^y, .presS* S^TSSZS^ S ^rof:^ 08 " 1 ^ 



/5 



CaO 


0-25 


SrO 


0-30 


CaO+SrO 


10-30 


Al 2°3 


25-38 


sio 2 


35-60 


BaO 


0-25 



MgO 0-15 
Na 2 0 0-4 



» ' U ' 2S A8 2 0 3 0-3 



•40 



•45 



90 



* ™ r v o- 6 

T *° 2 0-12 

2r0 2 0-15 

AS 2 0 0-3 

Ba0 + Mg0 +M a 2 0 + K 2 0 + Ti0 2+Z r0 2+AS2 03 ^-30 

■ ttS^^^^ but. instead, tts precursor 
macrons, and surface nucleation re lied upon P ' ° rma " y to an avera 9 e «»» smaller than 10 

Tc £:r Drat0,y *°* th * «*» «— *" ^ severe, procesalng-raiated drawbacks 

composite may be sintered to densZoSes at *^Z!?^¥T? * ** *> m <>°*™ ?£ 
temperatures the desired crystalline assemblage ^2SS^ ^ qurdu8 '"'Pwature. but at such 
necessary for proper nucleation ana ^oTlZeZ ctS'^ 6 b TT ™ ,ti,udes of «*£ 
must generally be formed into articles S2ugh ^ composites 

matrix will remain gtassy with S £ prior to ^llizatlon. th! 



2 
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-7*^ f-J. «- -sure the form, Uon 0 , art ^ flf 

fabrication of composite, contoS^bl^SiS ^l^lr'^***™ * & the 
matrix mors completely and uniformly ,he *—o«»mle 
s composition. That process insensilivl hr isd TSdJnZI^SZ , T t " nB a£,Bn ' is "wwpwwed into the 
siflnificent temperature gradient? tlJSSStSSZS wZK^T^T 
convert tag aluminoailicate aiasse* ; n L «i„„ . nowev9r ' no - the traditional nucleating agent for 
titanium Slle.de la foSLVS * S^S^S^IZS. * $iC nbBrs * wh,ste '* *S 

Moreover, because composes a*^^^^^^^^ StrenQ,h * " b9r8 and 

TIO» must be avoided. 9 h,Qhdr US8 tem Pe'«ures were sought, the fluxing action of 

ITh, Pfimary ob,ectlve9 * Present invention were two: 

(2) lo develop glass-ceramic bodie ' " "the Tali™ !u S, C, wh|Ste rs and/or fibers; and 
refractoriness than thoicteimed in uZpLnt No TeTsts? a]Umm ° 9 " iC * ts Siting higher 

•or - P^ent det*.e processes 

«bers. and hybrid composites ^tST^^J^^n^^TTI^ 90 0r SiC 

incorporated herein In Its entirety. vvmskers fibers, the disclosure of that patent is 



IS 



Summary of the invention 



30 



35 



SO 



35 



preset X ir^wnSTl iTstl S^SS S ^°?£S Jl * —» A «* < 9 

Present in triclinic anorthite. which composto m^^J 0 ^ h ■* 

selected from me group consisting of £££ Hfr* Mo5 ^^iPK? "? 8 nuC,0atino «0W 
crystalline giass-csramic bodies containing Sllnfc anoSS ISfSnS?* .X^ Zr08 to y,eW hi ^'y 
crystal phases. Greater refractoriness £d mp^ 

compositions wherein the AfaOj content is at SaS in mechaniMl Properties can be achieved in 

The inventive glass-ceramics C £££ U reT?boT?Juo" C ^ l* 8 ' in awrthite 

be,ng capable of withstanding temperatures uVta iaS-C ^ 12 ?» "? praferfed COm P°*'«ons 
entminment of SiC whiskers and SiC fibers and ft* ^ * eminently suitable as malricae for the' 
SIC whiskers and fibers. Composition! ^LiEd fcT hT? * ^ yb,id """P 0 *'" containing hot? 
expressed In terms of weight pSS £?££ LTafTSS (S^SESt ^ 
and up to 10% total of at least One nucleatinoYrLT* • ! Ca °' 33 S - 4e,t AbC, 35-42% SIO,. 
consisting of 0.1-3% CR 2 0, 0.i 3 % WctTsl SoA o5 Pr ° P ° rBon Se,eCted frofn «*» 9™P 
1-10% ZrO,. Aithough not a mandatoTc^ponem^^ ^L^* 0 ?** ^ MM * W °> «S 
effect u pon the mechanic* properties US by STSZlL SSL* T ,0 ~ a favorabl9 
compositions contain 0.28-1.5% AsjOj. inventive bodies. Accordingly, the preferred 

conta 7 ;^^ ^ reduce glass-ceramic bodies 

crystallization. As was noted pmvio^y The aStion S aIt* f^*' 0f mu,,ite and '°' 

of higher refractoriness than mat attainable SJ^SrJS? S S? an0rthte stotehiom8tf V Prides a bMy 
concenarations in excess of SO mole berint 7 SSlZ sole crystal phase. Nevenheleee. A|^ 
Jmprove the refractory proportiee J^^SLi^^Tji ?° ^ to si 9^tiy 

•sample, the batch materials are required to b 1n^te d ZtZZLZ? pr0ce88in fl P«*lem s . Per 

homogeneous melt. Also, spontaneous de^StaS? J ^ pera ' u 'f ^eaa of teso-C to secure a 
encountered. Aooordingiy. the levels of <2o2?aSL ale L7l ^ C °°" n9 to a 9,afis "e 
having an anorthite stoichiometry. white elZnto!™ Z. . , ? ad J W8te * to 'nsure the generation of crystals 
included in sufficient amount 22 STTSj I .^SE 2 T 985 ^ SJOs ^ 
refractory phase mulHte. Whe^as the rnech^iJ^^^ 0 .° f ^ 8X0988 A,,0> to Eighty 
Presence of As.0, appears to^hanceTe^ is 
strength measured at room temperature. Thus TSSLSS^ ^ fllasawamlce, aspecjaify the 
nnal product and does not almplj pTZ, iStfiSS^* ^ f« ,0 »• g*** - the 
of the nucleating agents may opoonally be emoteS S? 8 9 ,a8S fin, "9 ^nt. Greater amounts 
favorable effect uportthe physical I^^^^LTJT^ 9 ^ *° "* appear to "ave any 
the development of unwanted crystal S *° dUBt Mweovw - 8ueh addi,ion * 030 »n 
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4.615 987, are equally applicable with me Lentlve mZ^To ZL^ ^ " d ' 8Cl0Sed Patent No - 
was e *P |ain *d in that patent, because SIC whiskers are J a 2t 
5 aspect ratio, they are always In agglomerated form » 22£L? SI 035 SeC, '° n ' bu1 pf68artt a Wgh 
bmken up to avoid improper coSolWatlon of Z 5ST35Ti£X ^k^ 3 of » hi8 ^ 8 must L 
weak spots therein. The patent first recites thT techn J ? h,^? ^ V are erttrained consequent 
deaggtomerating 8iC whiskers and thereafter describes the uM fl^^ah U ' S - Pat8nt No " ^3.038 for 
purpose This latter technique (s preferred STftS^SS SUE," * ^ t0 aCCOni P ,lsh »• 
«> In like manner to the disclosure of Patent No 4 8169^ thT™, „ 

contemplates utilizing whiskers having thiclcnesaes oHesS im 25*" ""fT 08 * ,he ,n8tant 
at least 5 at loadings between about 5-80% by wetoM H B „« 2? ™ 5 T 8 8nd '^^-^d^etor ratios of 
by weight can exert an effect, very signHicant fm^fiS • ' ^ toadins,s of 48 ,ittte « ^out 0 5% 
are experienced at loadings greater tha ^ I'? 6 *!* 81 8trength •«* toughness 

« about 15-70% by volume are prsfenlS. 1 °' T""™ 6 cerafl1ic « ba ' 8 C 

continuous ceramic fibers such as SiC S UU. BN l^Z^ZZ b * J"*" 0 ** in co "^c«on 3 

P b2 8 U n^ ybrld r pMite bodies ' 33 descri^b^d in Patent ^!w C 2! , ir rtl, r 5pine '- or A '^ U> 
libers not exceeding about 70% by welaht Rnaih, ' teta ' """'wit of whiskers olua 

be prepared by chopping cominuousXs KS^J^tSS 8 di i C0 " t,nu ^ 8 S can 

me chopped., fibers into sheets via known papSin f D *T? mn ™«™« ™ans, forming 
sheets imo a glass matrix by known techniques •• P 68, and 8Mn ef1train " 1 ° of such 

~ona^^ « ; S a, nucleating agent. amcles ot comptex 

from glass powders of the proper compositions sLtanL / d '' y P ' epared by 3inta,inQ ^apee formed 
liquidus temperature and the desired crystalline fl SZf be . Camed «* at temperatures above t£ 
heat treatment of the consolidated ^TTXlSSS a ° b n ,a "; ec, . <,irou 9 h ^unent or subsequent 
employing simple sintering not only reduces torm^ , "bleating agent therein. This capabittty o 
bodies of geometries impale to ihfeve STSJST 8 ^ *"* ^ PBmita m * *S 
extruded horn glass particles, sintered to ^esse^UaT ?S 9 d^-^ fT'. h0TO V c ° fflb structures can be 
stalled in situ. It will be appreciated, of cou a tha al ItT ^Jt T*"?"* 0r thereat *' ^ 
ceram,c art such as injection molding, dry pressfnn hot I ■ methods c °"™tional in the 

operable with the present inventive ^SSS' SjS'S "* hot i50Stat,c D ^"g are equa!j 
compositions can be crystalled In site JESSJZ^l SgS^.S^ 0 ,nv S 
lures between about l3O0'-t550»C aT^customarfV ~ 50 C ' oon3 °'idation tempera- 

products. 5re cus tomadly used to .nsure essentiaUy full density in me fnJeSve 



20 



28 



*Q Prior Art 



^'e^,^^^ article* wherein a hexaoona, 

<a the oxide basis, of 0-35% CaO. 0-53% Srf> nUw* I « ^ c,es Conaat essemialty, in weight percent on 
63% ^"Ift-nuBl^^S^i^^P- '^ 5% CaO *SrO*BaO.t0^8% /J^S ?i? 

^^J^MTtS?. ^SonTm^oflS ^ 3 a ^-am?c 

10 raa*s?:S ~ Ab °" " 8,01 

« mto glass-ceramic range Stween 1000^0^^ 5^5 ,W COmBt * n * Cursor £J 
behig present in me glass-ceramice. No refore,™ -J 5 ma<te 0f mul,,te andw -^Oi crystals 
whiskers or fibers. Accordingly, there la no ! made w composite artictes reinforce wa ffle 

«on» ^ y fe ,d compostte ^J^i^^^ZT^ ^ ^ ^ 
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-«-. ««. ^ 

Percent on th 9 oxide baste, of 10 -18* CaO S 5) Tfl S^^^Kf* S8SB «««"y. i" weight 
of the following ingredients in the indim** 1 2 ' % Sl0 »' and 13-20% TiOj. Up to 10% total 

temperatures vary between 1000M 400-C. No reference is JL^ S' ^ M ^f* F " c ^^llizetion 
there Is no discussion of the specific ranoes of r!rt a, X J 1? J &C *"«ker8 « fibers; consequently 
*e present Invention to yieto '^^^^^X. ^^ • ^ b ~ C "^«- " 
reqwred component In qufte substantia, «moSS"2S2 Si £^1^^ Furth *«»°re, TiO, is a 
Inventive compositions is necessary. flmount8 ' wnsrMs «*• es«ent.al absence of TiO, in the present 

Description of Preferred Embodiment 

«J?5 -pressed ,„ terms of parts by 

crysta^e In * to highly crystaiiinl^ f"** * '"^ wiJ 

stee. Because the sum of the tabulated ^1 w . " cry8tals * e ^'atlvely uniform in 

purposes the value, Uated may S ^^^4^" ,00 ' for - pS"2 
comprise any materials, either oxides or <Zr «XSJSLT31 I^*" 1 ' bateh 
'nto the desired oxide in the proper proportions. Fo7e^L rS'^ to8eth * r ' wi " be converted 

in the laboratory acfivity Omeribmt h^m^St Z?*™ «** 01 <*0. 

together to asefst in SBCW lr!g a homcJ^wSJ j 2 25? , " 9 1 rw,ents compounded, flry bailmilled 
produced into a gas-flred .urnace o£rZ g ™^-C *eTa ST CnJC ' blBS ' ^ 
poured onto a steel piate to form generally cS glaS s,2s J£ mi" '° r 16 h0urs ' «• 

fransferred to an anneaier operating at about aSEm!? ^ 8,ab * were ""mediately 

Tne anneared slabs appeared to be essenKJ IZ ™ f r ;; a ,; P d;SS. ,,p0n - ■» flS? 



TO 



do 
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TO 



1 _ 

».» 4.., HT. ^7, f 

•V, M.7 3.., 3,. 7 39 ., 4 °- 8 

1..4 „.« „ 

*Vj •■« • .. 0.5 0 .5 0 . s lf -; 



Cr 2°3 



2 

MoO 



3 

Hf0 2 
» Mb 2°5 

wo 3 



o 
4 

40 ft 


3 

39.5 


4 

40.8 


5 

40.8 


39.7 


38. S 


■13. / 


39.7 


19.0 


18.4 


19.0 




fl CE 
U • D 


0.5 


0.5 


0.5 


O.l 










3.0 










0.5 










0.5 











0.5 



25 




, 7 


8 


9 




Si0 2 


40.8 


40,8 


40. 4 




A1 2 0 3 


39.7 


39.7 


37.7 




caO 


19.0 


19.0 


18.8 




AS 2 0 3 


0.5 


0.5 






















3.0 




Cr 2°3 


1.0 








Ta 2°5 




0.5 




40 




12 


. 13 


14 




sto 2 


38.9 


36.5 


37.1 




Al 2°3 


42.5 


43.4 


44.1 




CaO 


15.6 


17.0 


17.3 




AS 2°3 


0.5 


0.5 


0.5 




ZrOj 


3.0 




3.0 


50 


Nb 2°5 






1.0 









-10 _u 

39.0 37.8 
39.7 41.6 
18-2 17.6 
0.5 

3.0 3. 0 



-11 __16 17 

35.4 36.1 39.5 
45. Q 46.0 38.5 

16.5 16.9 18 4 

°- S 0.5 1.0 

3.0 3.0 

0.5 



3.0 



5S 



_ U.3 

Compositions 1-8 contained 1C ,_ 

anorthlte. Example 9 « £ ™£ AfaO, in exceos of «« prassn, in «no stoicWom*^ „ 

excess AM* Example 11 eofrtalned S ?Lf * BX ° e8S Afc0,: e ** m Pte 'O <^talned%o 152° 
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gjtu to glass-ceramic bodies by first heating at about flOC-SOO'C v 

tor two hours. X-ray diffractometry identified triclinic ancrth«e and i^L ^ a " d thBn hefl,ing at ,200 'C 
sole crystal phases, anormite and mulllte and/or «-AI,0, as essentially the 

Composite artlclae containing 9iC whiskers were t^if^M . ... 
5 ?« in «* * "at** No. 4.8,6^7. Hence. ARCO SC^g wh!«t rnanndr to 'he laboratory procedure 
Company, Lea Angeles. California were added to a aZJS JUST 9 marteted by A,,antic Afield 
bindor 8U ch as a polyethylene glyco. Tpolyv £22 r'^- « an org Jc 

was anergtead for five minutes to deagglomeratrmTwM^? J2 ? ? * ^ b,entter ' 1,19 h| ^er 
wh»ker. had d-ameters of about 1 mlcSn or S^e whit tela Id ^ ST*? V Un " arm 5US P 9 "*'^- The 
the above giaaa slabs were comminuted to parSJ ha\S a ™ 9 5 f * bout 4O - S0 mfc ' 0rt »- p *"* of 
glass powders were added to the whlsker-corSnSg £215 JSX m^" 8 than 10 mlCrans - 
to Insure a uniform suspension. The suspension wL Z ^l™ 1 ^' endSr eTO ' 9,zed to ' fiV9 m *nu tes 
^uiung titer cake was dried, charged ^toTb^ 8ha i ee < S2. ^?,!T Bh 3 8uSChner fUnne '- ™* 
moid moved into a resiatance-hsated press cSlSTbS^? "2? HaVin9 3 ""M"-™" ""sr. the 
atmosphere, and the material consolidated J5f mtnuia Jt ! IT ,n 018 prefience * a ">"*°«ed 
18C0 pat in an atmosphere of ftowing nit^en « no^^diLT?^? ° f 1500 ' C and a of 
exposed for two hours a. 80O-C foJ.ow* byZ^TSSS'l 2?*"* < he ba ' 

Each composite contained about 30% by weight white" ^P'* 9 ef V 8ta '»«tion in situ. 

« one 5 tZttttVZZ^*"? of aavera, of the exempiary compesi- 
four point bend test at 25-c (room temperaturt) f JJ Si-C * P * * S *■ —K 



70 



IS 



2$ 



Table II 
Example MOR, 25 »C 



1 60,000 
3 54,000 



30 7 

15 65,000 

16 54 r 000 



MOR, I2(\n*n 
36,000 
35,000 

5O '°°0 33,000 



35,000 
40,000 



40 



43 



50 



55 



A range of temperatures and oressure* ™>« ^ * . 

*• green (unflred) strength of SSes^Jm?? 2 J" °' 9,Bat p,acrtcal ^SJS 

ieop-C with an ^^™ J^*%^£*™™^ n a ^ance-beated fJrn'ace 0^^ 
Moduli of rupture averaging about 45 000 oTLVli sintered products exhibiting essentially m £££ 

heated for two hours at followed Ty ^0 hours aSc *"° °" ** *"« ba " ^££l 

Honeycomb structures contnim rtrt Z u at 1200 c * 
above end 6^ STSS S SititTr 8<C * <* «W* ^Cbed 

temperature. The structures wVe fired STaOnSSE tal <P'«« ^ganio binder, were extruded at mom 
wrth an atmosphere of flowing nitmg^. Zl^c^l^T^ 9 ^^ fumaee grating at 1 sSS 
^essentially full density, sintered rtn^^SSaS ^"T 9 8bout 34000 ao 
HaMse Comp^ , 3^^'^,^^ 
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(f) the stacked prepress wsm h ft =»t*H f - • , v Brrrcai 

rata*. uMe, , P ™«^rf£: "V ™T «■* <" <*• »» s-taewnoy cS»fk^!f LT"""- <* """a 

strength demonstrated by several ai .r* t J* m P* ra t ur 9 tor two hours. Table III nSL?J£% d W * S 

*s 1300'C. and at ia£>n ^ • ^ B Exam P'e* Of Table I. measured Z eraQB ftexura ' 

' ana M t3Z5"C, utilising the con»/an«™«i . '"oosurea at room temperature t~9K<>r*\ 

rupture (MOR) in ten™ 0 f kosi TatalJ . iif? 8ntions ' tour Point bend procedure, record ™ I , C) ' * 
measured at 2S«c Th a wrS I'. also records me microcrack Weld sirXT* modulus of 

begins to ^^00^%^, ^ ^ ,teXUra ' Strera « * ^£SL Tnen JSSS ^ " P3 » as 

wnere <ne stress-strain curve becomes non*,™, T manner < ,h9 MCY Point Constitutes the strata 

40 Table ITT 

2 13So ° c «o Ii *° 

1350'C 94 £ 28 43 

13 1370 e c ?1 ^ 63 4S 

15 1300-C lia ^ 65 3! 

17 1340°C 127 74 3 9 



30 



as 



49 
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MOR (25*C) 
MOR (1300°C) 
MCY (25°C) 





25 



30 



45 



SO 



1- A whiskdr-reinforced. intern all v nu^i* ♦ w 

matrtx in „ ^ J^JEJ 5^,^ '• , ° ,fc Sft STL" 0 * **- 

stoichfometrtc triclinie ™»tilZ .5 5 mo,e P 9r <»nt and up to 90 mote eZJLUu? e Q'asa-ceramfc 

a ™ ciaim 0 also containing 0.25-1.5% AsiO* 
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^SSsS-xiSSi&si » - — * - - - - 

oxide ^ of 18-18 % CaoV^A^fSl ^'oT^tVT " "W"*-* on ,he 
« 10. A fiber-and whisker-ramforced. rnternallv-m^ a-^ °- 8 - 10% A s«Q». plus nuclaating age nt 
hawing a use temperature in excess a iSES* nuo wted Qlass-ceramte matrix hybrid com^jL 
selected fro. the group of S^Z*^ 1 £2 

percent m excess of (hat present in atoichiomZ^ w r • e88t 5 rno,e Percent and up to so ™ . 

* Pnases In the 9fas « e J mate Xt££Z£J£Z wSt'Z* *° "El 

11. A composite according to claim 10 eiaa « £ i nd/0r a " A ' a03 - 

12. A composite accon^g to °SSn AotSSSH?^'* 

amount which is at least 10 mote percent in ^ *"~™«* matrix in an 

13. A composite according to claim 10 eon*teH°I P ? f " "*«»*>ni«rto MeJinie anorthfte 

wWskexs and optionally fibers '/> af * * bairns 1 to 14 in SSESb 

- ^r^ m ^^^^^ ■* ■* — — aw^ 

iVASnS^ 4 e'^-amic S^T* h P0Wtered *™ • cake is Sme^m 

13. A compos,* when made a method as cfaimed kTany of c , aima 1Bto17 , 
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